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The cues governing cardiac cell-fate decisions, cardiac differentiation, and three-dimen-
sional morphogenesis are rapidly being elucidated. Several themes are emerging that are 
relevant for childhood and adult heart disease and the growing field of stem cell biology. 
This review will consider our current understanding of cardiac cell-fate determination and 
cardiogenesis—largely derived from developmental studies in model organisms and human 
genetic approaches—and examine future implications for diagnosis, prevention, and treat-
ment of heart disease in the young and old.Introduction
Solving the mysteries of how stem and progenitor cells 
adopt specific cell fates and subsequently assemble 
into functional organs remains a fundamental challenge 
in biology. Research in the last decade has revealed that 
intricate signaling, transcriptional, and translational net-
works regulating key cellular decisions are at the heart 
of developmental biology. Insights into cell-fate specifi-
cation, differentiation, and organogenesis also provide 
hope for the development of new therapies for human 
disease, particularly stem cell therapies.
The heart is among the most studied of all organs 
and the one most susceptible to disease. A molecular 
framework has emerged to explain the commitment of 
unique lineages to distinct regions of the heart, and the 
underlying decisions of cell migration, proliferation, and 
death that guide the three-dimensional events of cardiac 
development (Buckingham et al., 2005). The complexity 
of the molecular cascades in cardiogenesis may explain 
the sensitivity of the heart to perturbations before birth 
and into old age.
Congenital heart malformations, the most common of 
human birth defects, occur in nearly 1% of the popu-
lation worldwide (Hoffman and Kaplan, 2002). Another 
1%–2% harbor more subtle cardiac developmental 
anomalies that become apparent with age. With more 
than 1 million survivors of congenital heart disease in 
the United States, it is becoming clear that genetic dis-
ruptions that predispose an individual to developmen-
tal defects can have ongoing consequences over dec-
ades (Srivastava, 2004). A more precise understanding 
of the causes of congenital heart disease is imperative 
for recognition and potential intervention of progressive 
degenerative conditions that plague congenital heart 
disease survivors.
In the United States, heart disease is the number one 
killer of adult men and women. Another 5 million survive with insufficient cardiac function (Thom et al., 2006). 
Deciphering nature’s secrets of heart formation might 
lead to new approaches to repair or regenerate damaged 
heart muscle. Recent evidence has led to heightened 
interest in the early events involved in cardiac cell-fate 
decisions and cardiomyocyte differentiation, migration, 
and survival. Stem cells have enormous potential in 
regenerative medicine, and insights into cardiogenesis 
from progenitor cells during embryogenesis will form the 
basis of reprogramming cells for therapeutic use (Sriv-
astava and Ivey, 2006).
This review summarizes the conceptual advances 
in cardiac morphogenesis in the context of congenital 
heart disease and adult onset heart disease. In addition, 
these advances in our understanding of developmental 
and stem cell biology of the heart could be applied to 
cardiac regenerative medicine.
Origin of Cardiomyocyte Precursors
Despite decades of tracing cell lineages and descrip-
tive embryology of the heart’s origins, a more com-
plete and accurate picture of cardiogenesis has only 
recently emerged (reviewed in Buckingham et al., 
2005). Two distinct mesodermal heart fields with a 
common origin appear to contribute cells to the devel-
oping heart in a temporally and spatially specific man-
ner. The well-studied “primary” or “first” heart field 
(FHF) derives from cells in the anterior lateral plate 
mesoderm that form a crescent shape at approxi-
mately embryonic (E) day 7.5 in the mouse embryo, 
corresponding roughly to week 2 of human gestation 
(Figure 1). By mouse E8.0, or 3 weeks in humans, 
these cells coalesce along the ventral midline to form 
a primitive heart tube, consisting of an interior layer of 
endocardial cells and an exterior layer of myocardial 
cells, separated by extracellular matrix for reciprocal 
signaling between the two layers.Cell 126, September 22, 2006 ©2006 Elsevier Inc. 1037
Figure 1. Mammalian Heart Development
Oblique views of whole embryos and frontal views of cardiac precursors during human cardiac development are shown. (First panel) First heart field 
(FHF) cells form a crescent shape in the anterior embryo with second heart field (SHF) cells medial and anterior to the FHF. (Second panel) SHF 
cells lie dorsal to the straight heart tube and begin to migrate (arrows) into the anterior and posterior ends of the tube to form the right ventricle (RV), 
conotruncus (CT), and part of the atria (A). (Third panel) Following rightward looping of the heart tube, cardiac neural crest (CNC) cells also migrate 
(arrow) into the outflow tract from the neural folds to septate the outflow tract and pattern the bilaterally symmetric aortic arch arteries (III, IV, and VI). 
(Fourth panel) Septation of the ventricles, atria, and atrioventricular valves (AVV) results in the four-chambered heart. V, ventricle; LV, left ventricle; 
LA, left atrium; RA, right atrium; AS, aortic sac; Ao, aorta; PA, pulmonary artery; RSCA, right subclavian artery; LSCA, left subclavian artery; RCA, 
right carotid artery; LCA, left carotid artery; DA, ductus arteriosus.Previous lineage tracings using dye-labeling tech-
niques suggested that cells along the anterior-poste-
rior axis of the heart tube would contribute to specific 
chambers of the future heart (reviewed in Srivastava and 
Olson, 2000). However, such studies could not deter-
mine the clonal contributions of individual cells (Meilhac 
et al., 2004). More recent studies using Cre-lox lineage 
analysis and retrospective clonal lineage analysis indi-
cate that the heart tube derived from the FHF may pre-
dominantly provide a scaffold upon which cells from a 
second heart field (SHF) migrate and build the requisite 
cardiac chambers (Buckingham et al., 2005). The SHF 
is marked by the LIM-homeodomain transcription factor 
Islet1 (Isl1) and comprises the dorsal-medial aspect of 
the cardiogenic plate, whereas the FHF comprises the 
ventral aspect of the cardiogenic plate (Cai et al., 2003) 
(Figure 1). The FHF differentiates at the cardiac crescent 
stage, whereas differentiation of the SHF is relatively 
delayed, occurring as the second lineage migrates in to 
join the differentiated cells of the first lineage. Both line-
ages appear to be regulated by complex positive and 
negative signaling networks involving members of the 
bone morphogenetic protein (Bmp), sonic hedgehog 
(Shh), fibroblast growth factor (Fgf), Wnt, and Notch pro-
teins. Such signals often arise from adjacent endoderm, 
although their precise nature and role remain unknown 
(reviewed in Zaffran and Frasch, 2002). SHF cells may 1038 Cell 126, September 22, 2006 ©2006 Elsevier Inc.remain in an undifferentiated progenitor state until incor-
poration into the heart because they are close to inhibi-
tory Wnt signals that emanate from the midline.
As the heart tube forms, SHF cells migrate into the 
midline and position themselves dorsal to the heart tube 
in the pharyngeal mesoderm (Figure 1). Upon rightward 
looping of the heart tube, SHF cells cross the pharyn-
geal mesoderm into the anterior and posterior portions, 
populating a large portion of the outflow tract, future 
right ventricle, and atria (Cai et al., 2003). Precursors 
of the left ventricle are sparsely populated by the SHF 
and appear to largely be derived from the FHF. Once 
within the heart, FHF and SHF cells appear to prolifer-
ate in response to endocardial-derived signals, such as 
neuregulin, and epicardial signals dependent on retinoic 
acid, although these mechanisms remain poorly under-
stood (reviewed in Olson, 2004). The number of cardiac 
myocytes during development may also be regulated by 
the homeodomain-only protein, Hop, which functions 
downstream of the Nkx2-5 (Shin et al., 2002; Chen et 
al., 2002).
Transcriptional Regulation of Cardiac Precursors
FHF and SHF regulation involves numerous signaling and 
transcriptional cascades (Figure 2). Factors secreted 
from the anterior portion of the heart tube may serve as 
chemoattractant signals that induce migration of SHF 
cells, although the nature of such molecules remains 
unknown. Expression of Isl1 is extinguished as progeni-
tor cells express markers of cardiac differentiation, but 
Isl1 is necessary for SHF-derived cells to populate the 
heart (Cai et al., 2003). How Isl1 regulates SHF progeni-
tor cells is being explored. Interestingly, Isl1-positive cells 
mark niches of undifferentiated cardiac progenitor cells 
in the postnatal heart (Laugwitz et al., 2005), suggesting 
that understanding the regulation of SHF-derived pro-
genitor pools may be useful in developing approaches 
for cardiac repair (discussed below).
Discovery of the SHF led to the reinterpretation of 
findings in mice lacking critical regulatory proteins 
and in transgenic mice harboring enhancers of genes 
expressed in the heart. As molecular aspects of cardio-
genesis were first being defined a decade ago, right ven-
tricle-specific enhancers were found for several genes 
widely expressed in the developing heart (reviewed in 
Firulli and Olson, 1997). Subsequently, the right ventri-
cle was found to be enriched in a transcription factor, 
Hand2 (also known as dHAND), required for expansion 
of the right ventricle (Srivastava et al., 1995, 1997). Given 
that Hand2 is highly expressed in the SHF, the right ven-
tricular hypoplasia observed on disruption of Hand2 in 
mice likely represents failure of SHF cells to expand into 
the right ventricle (Srivastava et al., 1997; Yamagishi et 
al., 2001). Similarly, right ventricular hypoplasia in mice 
lacking Mef2c (Lin et al., 1997), a target of Isl1, Gata4, 
Foxh1, and Tbx20 in the SHF (Dodou et al., 2004; von 
Both et al., 2004), may also be a defect of SHF develop-
ment. Indeed, many of the central transcriptional regula-
tors of cardiac development in the FHF, including Nkx2-
5 and Gata4, are found in the SHF and may target SHF 
development (Zeisberg et al., 2005) (Figure 2). Pathways 
regulating differentiation of SHF cells may provide the 
basis to induce cardiac cells from progenitor cells.
The significance of SHF transcriptional regulation 
is highlighted by the cardiac defects in DiGeorge syn-
drome, the most common human deletion syndrome. In 
this syndrome, which typically involves 
a deletion on chromosome 22q11, the 
transcription factor TBX1 is the cause 
of cardiac and craniofacial disorders. 
TBX1, a central SHF transcriptional 
regulator, is necessary for proper 
development of cardiac outflow tract myocardium (Hu 
et al., 2004; Xu et al., 2004). Shh is required to maintain 
Tbx1 expression in the SHF through forkhead-containing 
transcription factors that directly regulate Tbx1 (Garg et 
al., 2001; Yamagishi et al., 2003). Correspondingly, mice 
lacking Shh, Foxc1 and Foxc2, and Tbx1 share similar 
defects of the cardiac outflow tract (Kume et al., 2001; 
Yamagishi et al., 2003). Tbx1 regulates outflow tract 
myocardium and production of growth factors, such as 
fibroblast growth factor 8 (Fgf8), which are secreted and 
activate receptors on adjacent neural crest-derived cells 
to affect their differentiation (Abu-Issa et al., 2002; Frank 
et al., 2002; Hu et al., 2004).
Hand2 and the closely related Hand1 are expressed 
in the SHF; however, they are also expressed in the FHF, 
with Hand1 most enriched in the left ventricle. Hand1 
expression depends on Nkx2-5 in the left ventricle, sug-
gesting that Nkx2-5 is critical for the FHF as well (Biben 
and Harvey, 1997). Although disruption of tinman, the 
Nkx2-5 ortholog in flies, results in complete loss of car-
diac cells (Bodmer, 1993), deletion of Nkx2-5 in mice is 
less severe with lethality at E9.5 after initial formation of 
the heart tube (Lyons et al., 1995; Tanaka et al., 1999). 
However, loss of Nkx2-5 and Hand2 causes complete 
failure of ventricular expansion in mice (Yamagishi et 
al., 2001). Conditionally disrupting Hand1 and Hand2 
causes slightly less severe defects (McFadden et al., 
2005). Zebrafish and fruitflies lacking the single Hand 
ortholog fail to expand the pool of comparable ventricu-
lar precursors, consistent with mouse studies (Yelon et 
al., 2000; Han et al., 2006).
Preservation of atrial precursors in mouse and fish Hand 
mutants suggested that a separate progenitor popula-
tion may contribute to the atria. Indeed, mice lacking the 
nuclear receptor CoupTFII lack atrial myocytes (Pereira et 
al., 1999), as do mice lacking Tbx5 (Bruneau et al., 2001). 
Distinct aspects of atrial versus ventricular gene expres-
sion appear to be regulated by Irx4 of the Iroquois family 
of transcription factors (Bao et al., 1999).
Figure 2. Pathways Regulating Region-
Specific Cardiac Morphogenesis
A partial list of transcription factors, signaling 
proteins, and miRNAs that can be placed in 
pathways that influence the formation of regions 
of the heart is shown. Positive influences are 
indicated by arrowheads, and negative effects 
by bars. Physical interactions are indicated by 
dashed lines between factors. In some cases 
relationships of proteins are unknown. Pathways 
regulating neural crest cells have been reviewed 
elsewhere (Stoller and Epstein, 2005). FHF, first 
heart field; SHF, second heart field.Cell 126, September 22, 2006 ©2006 Elsevier Inc. 1039
Figure 3. MicroRNA Regulation of Muscle Development
(A) Chromosome location of miR-1 and miR-133a family members. Combinations of miR-1 and miR-133a are transcribed as single polycistronic 
mRNAs and therefore share common regulation. Relative expression levels in adults of each miRNA in the heart and skeletal muscle are shown. 
(B) and (C) represent simplified schematics of our current understanding of miR-1 and miR-133a pathways in cardiac or skeletal muscle. 
(D) represents lacZ expression in the heart (ht) and somites (arrowhead) directed by the upstream enhancer of the miR1-1/miR-133a-2 cluster.Epigenetic factors may also contribute to cardio-
myocyte differentiation and chamber morphogenesis. 
Disruption of the chromatin remodeling protein Smyd1 
(or Bop) results in a phenotype reminiscent of Hand2 
mutants: a small right ventricular segment and poor 
development of the left ventricular myocardium (Got-
tlieb et al., 2002). Smyd1 contains a SET domain that 
harbors methyltransferase activity and also recruits 
histone deacetylase (HDAC) activity that together 
repress genes (Gottlieb et al., 2002). Smyd1 activity is 
necessary for Hand2 expression in cardiac precursors, 
likely through an unknown intermediate. Interestingly, 
Smyd1 is a direct target of Mef2c (Phan et al., 2005), 
suggesting that Isl1, Mef2c, Smyd1, and Hand coordi-
nately regulate development of ventricular cardiomyo-
cytes (Figure 2). A direct role for HDACs was also dem-
onstrated by a failure of ventricular growth in mutant 
mice lacking HDAC5 and HDAC9 (Chang et al., 2004b). 
These and other pathways appear to be regulated by 
a muscle-specific member of the SWI/SNF complex, 
Baf60c (Lickert et al., 2004), suggesting that transcrip-
tional activity of cardiac DNA binding proteins is highly 
regulated through epigenetic events.
MicroRNA Regulation of Cardiomyocyte  
Differentiation
Although transcriptional and epigenetic events regu-
late many critical cardiac genes, translational control 
by small noncoding RNAs, such as microRNAs (miR-
NAs), has recently emerged as another mechanism 
to “fine-tune” dosages of key proteins during cardio-
genesis (Zhao et al., 2005; Kwon et al., 2005). miRNAs 
are genomically encoded 20–22 nucleotide RNAs that 
target mRNAs for translational inhibition or degrada-
tion by many of the same pathways as small interfering 
(si)RNAs (He and Hannon, 2004; Ambros, 2004). The 
function and mRNA targets are known for few of over 
400 identified human miRNAs.1040 Cell 126, September 22, 2006 ©2006 Elsevier Inc.miR-1-1 and miR-1-2 are highly conserved and specif-
ically expressed in the developing cardiac and skeletal 
muscle progenitor cells (Zhao et al., 2005). miR-1-1 is ini-
tially enriched in the atrial precursors before becoming 
ubiquitous in the heart; miR-1-2 is specific for the ventri-
cle, suggesting chamber-specific effects. Interestingly, 
their expression is controlled by well-studied transcrip-
tional regulatory networks that promote muscle differen-
tiation (Figure 3). Cardiac expression depends on serum 
response factor (SRF), and skeletal muscle expression 
requires the myogenic transcription factors MyoD and 
Mef2. SRF recruits a potent coactivator, myocardin, to 
cardiac and smooth muscle-specific genes that control 
differentiation (Wang et al., 2001). Consistent with a role 
in differentiation, overexpression of miR-1 in the develop-
ing mouse heart decreases ventricular myocyte expan-
sion, with fewer proliferating cardiomyocytes remaining 
in the cell cycle. miR-1 and miR-133a are transcribed in 
a polycistronic message and coexpressed in heart and 
skeletal muscle, sharing common transcriptional regula-
tion (Figure 3). As in cardiac muscle, miR-1 promotes the 
differentiation of skeletal myoblasts in culture, but inter-
estingly, miR-133a inhibits differentiation and promotes 
proliferation of myoblasts (Chen et al., 2006).
A full understanding of how miRNAs regulate biological 
events has been limited by the inability to reliably identify 
mRNA targets. This inability reflects the limited degree 
of sequence matching necessary for target recognition, 
typically at nucleotides 2–7 in the 5′ end of the miRNA. In 
silico searches based on sequence matching often yield 
several hundred potential targets, making validation dif-
ficult. miRNA targets identified through genetic screens 
in flies and worms are consistently located in accessible 
domains defined by RNA secondary structure features 
and free energy of binding (Zhao et al., 2005). Incorpo-
ration of these features into bioinformatic approaches 
significantly improves the specificity of target predic-
tion and was used to identify Hand2 mRNA as a target 
of miR-1. This result suggests that precise regulation 
of Hand2 protein levels may be involved in controlling 
the balance between cardiomyocyte proliferation and 
differentiation (Figure 3). HDAC4, an inhibitor of Mef2, 
may also be a target of miR-1 in skeletal muscle, further 
promoting effects of Mef2 during differentiation (Chen 
et al., 2006).
The single fly ortholog of miR-1 is involved early in 
triggering cardiac progenitor cell differentiation and 
later in maintaining cardiac gene expression (Kwon et 
al., 2005). A milder miR-1 phenotype also suggested a 
variable phenotype (Sokol and Ambros, 2005), although 
knocking down miR-1 activity by O-methyl-modified 
antisense oligonucleotides proved uniformly lethal (Lea-
man et al., 2005). miR-1 in flies regulates the Notch sig-
naling pathway by directly targeting mRNA of the Notch 
ligand, Delta (Kwon et al., 2005), potentially explaining 
the involvement of miR-1 in deriving differentiated car-
diac cells from an equivalent group of progenitor cells 
(Figure 3). Thus, miR-1 may be a muscle-specific miRNA 
that directs progenitor cells toward a cardiac cell fate by 
regulating mediators of differentiation.
Complex Regulation of Cardiac Morphogenesis
Although the contribution of cell lineages to heart 
development is reasonably well understood, subse-
quent events, such as the integration of multiple cell 
types, chamber formation, and the patterning of distinct 
regions of the heart, are being elucidated. Some aspects 
are described below and others have been reviewed 
elsewhere (Olson, 2004; Parmacek and Epstein, 2005). 
Notably, development of the cardiac electrical conduc-
tion system, derived from specialized cardiomyocytes, 
is not discussed here but is essential to normal cardiac 
function (reviewed in Mikawa et al., 2003). Other recent 
findings highlight the importance of integration between 
specialized conduction cells and the myocardium 
(Costantini et al., 2005).
Dorsal-Ventral Polarity
A discrete dorsal-ventral (DV) polarity occurs in the 
primitive heart tube. As the heart tube loops to the 
right, the ventral surface of the tube rotates to become 
the outer curvature of the looped heart, and the dorsal 
surface forms the inner curvature. The outer curvature 
becomes the site of active growth, whereas remodeling 
of the inner curvature controls the alignment of inflow 
and outflow tracts of the heart. A model in which indi-
vidual chambers “balloon” from the outer curvature in 
a segmental fashion has been proposed (Christoffels et 
al., 2004). Consistent with this model, numerous genes, 
including Hand1 and the sarcomeric protein Serca2, are 
expressed specifically on the outer curvature of the heart 
(Biben and Harvey, 1997; Thomas et al., 1998). Also, 
through a complex transcriptional network, the unique 
identity of inner curvature cells is determined by Tbx2-
mediated repression of genes typically found on the 
outer curvature (Harrelson et al., 2004). Another Tbox 
transcription factor, Tbx20, represses Tbx2 activity in the outer curvature as it expands into the cardiac chambers 
to establish regional patterning of expanding or remod-
eling myocardium (Stennard et al., 2005; Takeuchi et al., 
2005; Cai et al., 2005; Singh et al., 2005). Remodeling 
of the inner curvature allows migration of the inflow tract 
to the right and the outflow tract to the left, facilitating 
proper alignment and separation of right- and left-sided 
circulations. In addition to its role in repressing Tbx2, 
Tbx20 affects expansion of FHF- and SHF-derived cells 
and is necessary for outflow tract development, possibly 
by regulating Nkx2-5 and Mef2c (Takeuchi et al., 2005).
Left-Right Asymmetry
Defects of inner curvature remodeling may underlie 
human congenital heart malformations that improp-
erly align the atria, ventricles, and outflow tract. These 
include situations where both atrio-ventricular valves 
communicate with the left ventricle (double-inlet left 
ventricle), or when the aorta and pulmonary artery both 
exit from the right ventricle (double-outlet right ventri-
cle), similar to those observed in many mutant mouse 
models (reviewed in Franco and Campione, 2003). 
Such defects are often observed in conjuction with 
abnormalities in the determination of left-right asym-
metry. Thus, left-right decisions may affect the direc-
tion of cardiac looping and proper alignment of cham-
bers, likely by regulating gene expression along the 
inner versus outer curvature and ventral versus dorsal 
surface of the developing heart.
Given that the elegant molecular network regulat-
ing left-right asymmetry of the body plan has been well 
reviewed (Palmer, 2004), we will note only the relationship 
between left-right asymmetry and proper alignment of 
the cardiac chambers. The cascade of left-right signals, 
including Shh and Nodal, converge on the transcription 
factor Pitx2. Pitx2 is initially expressed asymmetrically 
along the left-right axis in the linear heart tube, but this 
asymmetry translates into a dorsal-ventral polarity in 
the looped heart tube. Because Pitx2 regulates cell pro-
liferation via cyclin D2 and also controls cell migration 
(Kioussi et al., 2002), it may link signals regulating the 
direction and process of cardiac looping. Within cer-
tain subdomains, regulation of Pitx2 by Tbx1 integrates 
transcriptional pathways controlling morphogenesis and 
left-right asymmetry (Nowotschin et al., 2006).
Regulation of the Cardiac Outflow Tract
Congenital cardiac defects involving the cardiac out-
flow tract, aortic arch, ductus arteriosus, and proximal 
pulmonary arteries account for 20%–30% of all con-
genital heart disease. This region of the heart undergoes 
extensive and complex morphogenetic changes with 
contributions from neural crest cells and the SHF. Mes-
enchyme cells originating from the crest of the neural 
folds are essential for proper septation and remodeling 
of the outflow tract and aortic arch (reviewed in Hut-
son and Kirby, 2003). Such neural crest-derived cells 
migrate from the neural folds and retain the potential to 
differentiate into multiple cell types. The migratory path 
and ultimate fate of these cells depend on their relative Cell 126, September 22, 2006 ©2006 Elsevier Inc. 1041
origins along the anterior-posterior axis and are partly 
regulated by the Hox genes (Le Douarin et al., 2004). 
Neural crest cells from the otic primordia to the third 
somite migrate through the developing pharyngeal 
arches to the mesenchyme of the aortic arch arteries 
and the mesenchyme that forms the outflow tract sep-
tum (Figure 1). This segment of the neural crest is often 
called the cardiac neural crest.
Mutations in many signaling cascades affect neu-
ral crest migration or development in mice, includ-
ing the endothelin and semaphorin pathways, and 
cause outflow tract defects similar to those in humans 
(reviewed in Stoller and Epstein, 2005). Apoptosis of 
some neural crest-derived cells seems essential for 
proper morphogenesis, whereas others differentiate 
into vascular smooth muscle in distinct regions of the 
aortic arch. For example, human mutations of the neu-
ral crest-enriched transcription factor TFAP2β result 
in abnormal persistence of the ductus arteriosus, a 
specialized aortic arch vessel essential for fetal car-
diac physiology, possibly reflecting abnormal smooth 
muscle differentiation (Satoda et al., 2000) (Figure 1). 
Other genetic mutations may affect specific regions of 
the aortic arch.
Disruption of SHF development by mutating genes, 
such as Tbx1 and Fgf8, results in defects similar to those 
with neural crest disruption (Figure 2), including persist-
ent truncus arteriosus (failure of outflow tract septation), 
misalignment of the outflow tract of the heart with the 
ventricular chambers, and ventricular septal defects 
(reviewed in Baldini, 2005). Reciprocal interactions 
between the SHF and neural crest-derived cells in the 
outflow tract are likely essential because SHF-derived 
myocardial cells neighbor neural crest-derived cells and 
secrete in a Tbx1-dependent manner growth factors, 
such as Fgf8, that influence neural crest cells (Hu et al., 
2004). It will be interesting to determine if cardiac out-
flow tract defects result from alterations in SHF migra-
tion, differentiation, or proliferation.
Cardiac Valve Formation
Appropriate positioning and function of cardiac valves 
is essential for chamber septation and unidirectional 
flow of blood through the heart. A molecular network 
involving Bmp2 and Tbx2 defines the position of the 
valves relative to the chambers (Harrelson et al., 2004; 
Ma et al., 2005). During early heart tube formation, 
“cushions” of extracellular matrix between the endo-
cardium and myocardium contribute to valve formation, 
which occurs at each end of the heart tube. Recipro-
cal signaling, mediated in part by TGF-β family mem-
bers, between the myocardium and endocardium in the 
cushion region induces a transformation of endocar-
dial cells into mesenchymal cells that migrate into the 
extracellular matrix cushion (reviewed in Armstrong and 
Bischoff, 2004). These mesenchymal cells differentiate 
into the fibrous tissue of the valves and are involved 
in septation of the common atrioventricular canal into 
right- and left-sided orifices.1042 Cell 126, September 22, 2006 ©2006 Elsevier Inc.Smad proteins are intracellular transcriptional media-
tors of signaling initiated by TGF-β ligands. Smad6 is 
specifically expressed in the atrioventricular cushions 
and outflow tract during cardiogenesis and is a nega-
tive regulator of TGF-β signaling. Targeted disruption of 
Smad6 in mice results in thickened and gelatinous atrio-
ventricular and semilunar valves, comparable to those in 
human aortic and pulmonary valve disease (Galvin et al., 
2000). Similarly, the absence of Ptpn11, which encodes 
the protein tyrosine phosphatase Shp-2, results in dys-
plastic outflow valves through a pathway involving epi-
dermal growth factor receptor (Chen et al., 2000). The 
importance of PTPN11 in congenital heart disease was 
shown by the discovery of point mutations in PTPN11 
that result in activation of the Shp-2 phosphatase in 
patients with Noonan syndrome, who commonly have 
pulmonic valve stenosis (Tartaglia et al., 2001).
Disruption of signaling pathways involving the tran-
scription factor Nfatc revealed a requirement of this 
calcium-activated regulator. Nfatc is expressed spe-
cifically in the valve mesenchyme precursors, and mice 
without Nfatc lack cardiac valve formation (de la Pompa 
et al., 1998; Ranger et al., 1998). Signaling via the phos-
phatase, calcineurin, results in nuclear translocation of 
Nfatc and is similarly involved in cardiac valve formation, 
in part by regulating vascular endothelial growth fac-
tor (Vegf) expression in the endocardium (Chang et al., 
2004a). Interestingly, mutations of Ptpn11 that activate 
Shp-2 phosphatase increase calcium oscillations and 
disrupt Nfatc nuclear localization, providing a possible 
mechanism for the valve defects observed in Noonan 
syndrome (Uhlen et al., 2006).
The Notch signaling pathway is also implicated in 
cardiac valve development. In fish and frogs, Notch 
is required for development of the endocardial cush-
ions that contribute to valve tissue (Timmerman et al., 
2004). In humans, heterozygous NOTCH1 mutations 
disrupt normal development of the aortic valve and 
occasionally the mitral valve (Garg et al., 2005) (Table 
1). The severity of valve disease associated with 
NOTCH1 mutations in humans varies widely from mild 
disease in which the aortic valve has two rather than 
three leaflets (bicuspid aortic valve) to severe defects 
in valve opening in utero, resulting in left ventricular 
growth failure. About 15% of “normal” relatives of chil-
dren with hypoplasia of the left ventricle (hypoplastic 
left heart syndrome) have subclinical bicuspid aortic 
valves (Cripe et al., 2004), suggesting that disruption 
of the NOTCH signaling cascade may underlie a spec-
trum of aortic valve disease. Mutations in JAGGED1, a 
NOTCH ligand, also cause outflow tract defects asso-
ciated with the autosomal-dominant disease, Alagille 
syndrome (reviewed in Krantz et al., 1999). The hairy-
related family of transcriptional repressors (Hrt1, Hrt2, 
and Hrt3) may mediate the Notch signal during valve 
and myocardial development; however, their targets 
are unknown (Nakagawa et al., 1999; reviewed in 
Kokubo et al., 2005).
Table 1. Genetic Causes of Congenital Heart Disease
Genetic Mutation Syndrome Name Cardiac Disease
Nonsyndromic
NKX2-5 — Atrial septal defect, ventricular septal defect, electrical conduction defect
GATA4 — Atrial septal defect, ventricular septal defect
MYH6 — Atrial septal defect
NOTCH1 — Aortic valve disease
Syndromic
TBX5 Holt-Oram Atrial septal defect, ventricular septal defect, electrical conduction defect
TBX1 DiGeorge Cardiac outflow tract defect
TFAP2β Char Patent ductus arteriosus
JAG1 Alagille Pulmonary artery stenosis, tetralogy of Fallot
PTPN11 Noonan Pulmonary valve stenosis
Elastin William Supravalvar aortic stenosis
Fibrillin Marfan Aortic aneurysm
Narrowing of vessels or valves is indicated as stenosis; patent ductus arteriosus represents persistence of a fetal vessel con-
necting the aorta and pulmonary artery that normally closes after birth; tetralogy of Fallot describes a misalignment of the aorta 
and pulmonary artery with the ventricular chambers such that the aorta communicates with both chambers.Genetics of Human Septal Defects
Recent findings with the cardiac transcription fac-
tors NKX2-5, TBX5, and GATA4 exemplify the synergy 
between human genetics and studies of model organ-
isms for understanding the etiology of congenital heart 
disease (Table 1). Numerous point mutations in NKX2-5 
occur in families with atrial septal defects and progres-
sive cardiac electrical conduction abnormalities (Schott 
et al., 1998). Retrospective analysis of mice hetero-
zygous for Nkx2-5 disruption revealed a similar pheno-
type and progressive apoptotic loss of conduction cells, 
suggesting a likely mechanism for the human phenotype 
(Biben et al., 2000; Jay et al., 2004).
Humans with Holt-Oram syndrome, caused by muta-
tions in TBX5, have cardiac anomalies similar to those 
with NKX2-5 mutations (atrial and ventricular septal 
defects) as well as limb abnormalities (Mori and Bru-
neau, 2004). Intriguingly, mutations causing defects in 
the heart and limbs are clustered in different regions 
of the protein, suggesting that TBX5 engages different 
downstream genes or cofactors, depending on unique 
structural motifs in the protein. One potential cofac-
tor, NKX2-5, may cooperate to activate common target 
genes (Hiroi et al., 2001).
Mutations in the zinc-finger-containing protein GATA4 
cause similar atrial and ventricular septal defects in 
autosomal-dominant nonsyndromic human pedigrees 
(Garg et al., 2003). GATA4 or related proteins are essen-
tial for cardiogenesis in flies, fish, and mice (reviewed 
in Epstein and Parmacek, 2005). Like NKX2-5, GATA4 
and TBX5 also form a complex to regulate downstream 
genes, such as myosin heavy chain. Consistent with a 
role in combinatorial interactions, a familial GATA4 point 
mutation disrupts GATA4’s ability to interact with TBX5 
(Garg et al., 2003). Conversely, several human TBX5 mutations disrupt the GATA4-TBX5 interaction, sug-
gesting that they cooperate in cardiac septation events 
(Garg et al., 2003). GATA4, TBX5, and NKX2-5 may form 
a complex needed for proper cardiac septation (Figure 
2). Disruption of any of the proteins or their interactions 
can result in atrial or ventricular septal defects. The sep-
tal genes regulated by these factors are unknown, but 
intriguingly, mutations in human α-myosin heavy chain 
(MYH6), a direct target of GATA4, TBX5, and NKX2-
5, also cause atrial septal defects (Ching et al., 2005). 
This observation suggests a mechanism by which these 
genes cause septation defects.
Adult Consequences of Cardiac Malformations
As human survivors of cardiac malformations enter their 
third and fourth decades of life, new cardiac disease proc-
esses are becoming apparent, including abnormal electri-
cal conduction and diminished contractile function of the 
heart. Earlier, these “secondary” defects were ascribed 
to abnormal blood flow due to structural anomalies, but 
recent evidence suggests that the same genes that cause 
defects in heart development might be directly involved 
in cardiac dysfunction and cell-lineage disturbances in 
adulthood (reviewed in Srivastava, 2004).
For example, human and mouse mutations in NKX2-5 
cause a developmental atrial septal defect and also pro-
gressively disrupt electrical conduction through the car-
diac chambers and can result in sudden death later in life 
(Schott et al., 1998; Pashmforoush et al., 2004). The atrio-
ventricular (AV) node, the essential site of electrical com-
munication between the atria and ventricles, is smaller 
than normal in adult Nkx2-5 mouse mutants. Over time, 
specialized muscle-derived conduction cells are lost 
and replaced by fibrotic tissue, resulting in progressive 
defects in electrical conduction (Jay et al., 2004).Cell 126, September 22, 2006 ©2006 Elsevier Inc. 1043
Another example involves the aortic valve. World-
wide, 1%–2% of people are born with a bicuspid aortic 
valve, typically silent in childhood (Hoffman and Kaplan, 
2002). However, one-third of bicuspid aortic valves 
develop premature age-dependent calcification, result-
ing in poorly mobile, nonfunctioning valves later in life 
(Rajamannan et al., 2003). As a result, calcification of the 
aortic valve is the third leading cause of heart disease 
in adults and requires over 50,000 valve replacements 
per year in the US. The recent discovery that NOTCH1 
mutations in humans cause bicuspid aortic valves and 
later calcification indicates that early developmental and 
later degenerative disease can share a common genetic 
cause (Garg et al., 2005).
Calcified human valves are characterized by ectopic 
osteoblast-specific gene expression, suggesting a cell-
fate change of mesenchymal or inflammatory cells (Raja-
mannan et al., 2003). Notch1 can repress a central tran-
scriptional regulator of osteoblast cell fate, Runx2/Cbfa1 
(Ducy et al., 1997), indicating a potential mechanism for 
NOTCH1 to suppress calcification in the valve tissue 
(Garg et al., 2005). It will be interesting to determine if 
polymorphisms in NOTCH1 are associated with altered 
risk of aortic valve or even vascular calcification, given the 
similar osteoblast gene expression in atherosclerotic vas-
cular smooth muscle (Steitz et al., 2001). If so, effective 
preventive interventions over decades may be possible 
with pharmaceuticals, such as statins, to lower levels of 
cholesterol, a well-known risk factor for calcification.
Cardiac Stem Cell and Regenerative Approaches
The notion that genes involved in early cardiogenesis 
may be re-deployed to help protect, repair, or regener-
ate heart muscle has motivated efforts to understand 
early developmental pathways (Parmacek and Epstein, 
2005). Two recent examples highlight the potential utility 
of this approach.
Reports that niches of small, noncardiomyocyte popula-
tions in the postnatal heart can differentiate into cardiac 
muscle and endothelial cells have generated considerable 
excitement that the heart, like other organs, may have a 
resident pool of progenitor cells. Some controversy exists 
regarding the markers of these cells with partially nonover-
lapping reports of Sca-1-, c-kit-, or Abcg2-positive progen-
itors that can differentiate into cardiomyocytes (reviewed 
in Leri et al., 2005). A fourth population of progenitors 
expressing Isl1 suggests an important connection between 
postnatal progenitor cells and an early developmental 
pathway regulating cardiomyocyte precursors (Laugwitz 
et al., 2005). As described earlier, Isl1 is expressed in SHF 
cells before they differentiate into myocytes and is down-
regulated upon expression of sarcomeric proteins. In mice 
and humans, niches of Isl1-positive cells in early postnatal 
heart may be remnants of developmental progenitor cells 
among terminally differentiatiated myocytes (Laugwitz et 
al., 2005). It will be interesting to determine if these cells 
can differentiate into cardiomyocytes, endothelial cells, 
and conduction system cells.1044 Cell 126, September 22, 2006 ©2006 Elsevier Inc.Deeper understanding of the networks governing SHF 
proliferation and differentiation may allow expansion of 
the postnatal cardiac progenitors for therapeutic pur-
poses. Interestingly, Shh, a regulator of pluripotency in 
some settings (Kusano et al., 2005), is an early regula-
tor of the SHF and controls expression of Tbx1 in the 
cardiac progenitors (Yamagishi et al., 2003). Whether 
Shh regulates the postnatal progenitors is unknown, but 
attempts to expand endogenous cardiac progenitors 
hold promise.
In addition, bone marrow-derived and circulating stem 
cells introduced into mice and humans after an acute 
myocardial infarction may result in some improvement 
in cardiac function; however, this remains controversial 
(reviewed in Leri et al., 2005; Srivastava and Ivey, 2006). 
Although it is unlikely that bone marrow-derived stem 
cells differentiate into myocytes, they may fulfill a non-
cell-autonomous function by secreting paracrine factors 
that promote survival or neoangiogenesis to protect and 
rescue the ischemic myocardium (Mangi et al., 2003). 
The reparative capacity of bone marrow-derived stem 
cells in rodents can be increased by overexpressing the 
survival and angiogenic kinase Akt (protein kinase B) 
in the cells before introduction, resulting in elevation of 
secreted factors with potential benefit for at-risk myo-
cardium (Gnecchi et al., 2006).
Identifying critical secreted factors may obviate the 
need for cell-based therapy in favor of specific survival 
and angiogenic factors during the acute ischemic period 
(Gnecchi et al., 2006). Here again, recent studies of a 
developmental protein suggest a mechanism to achieve 
this goal. Thymosin β4, a 43-amino-acid secreted pep-
tide, contains an actin binding domain that is abun-
dantly expressed in the developing heart, where it can 
regulate cell migration events during morphogenesis 
(Bock-Marquette et al., 2004). Thymosin β4 functions in 
a complex with integrin-linked kinase to activate down-
stream events, including Akt phosphorylation. Systemic 
or local treatment of mice with thymosin β4 immediately 
after coronary occlusion significantly protected at-risk 
hypoxic myocardium (Bock-Marquette et al., 2004), likely 
through promotion of survival and neo-angiogenesis 
(Grant et al., 1999). Interestingly, thymosin β4 is abun-
dantly secreted by bone marrow-derived stem cells, 
and its secretion is increased many fold in bone mar-
row-derived stem cells overexpressing Akt, suggesting 
a positive feedback loop reinforcing thymosin β4 pro-
duction (Gnecchi et al., 2006). The role of thymosin β4 
and other secreted proteins in transducing any potential 
effects of bone marrow-derived stem cells is unknown, 
but they hold significant therapeutic potential.
Summary
Cardiac developmental biology has progressed rapidly 
over the last decade, and the heart is now one of the 
better-understood organs at the molecular, physiologic, 
and anatomic levels. Advances in human genetic tools 
have also increased understanding of the importance of 
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heart disease can be seen as a defect of morphogenesis 
and, in some cases, a failure of differentiation among 
subsets of lineages that contribute to the heart. We 
are now embarking on a phase in which knowledge of 
developmental pathways and high-throughput methods 
of genotyping rare and common gene variants should 
allow rigorous investigation into the causes of human 
heart disease. With increasing recognition that congeni-
tal heart disease has a significant genetic contribution, 
we can imagine that genetic variation underlies both the 
morphogenetic defect and the predisposition to long-
term consequences that will affect clinical outcomes for 
the millions of congenital heart disease survivors. Thus, 
vigorous efforts to identify genetic variation associ-
ated with congenital heart disease and outcome will be 
essential as therapeutic or preventive measures to alter 
the disease course may be possible throughout child-
hood and in the adult. We may even eventually predict 
genetic risk among parents and focus preventive strat-
egies on those at greatest risk to genetically transmit 
disease. A deeper understanding of the interactions 
between various signaling and transcriptional networks 
and their ultimate downstream targets will be necessary 
to identify potential approaches in at-risk parents. The 
efficacy of folic acid in prevention of neural-tube defects 
provides hope for similar prevention of congenital heart 
disease (Mitchell et al., 2004).
As disease-related biology evolves, parallel advances 
in stem cell biology should usher in an era of new 
approaches. Exciting future technologies may generate 
disease-specific embryonic stem cell lines for mecha-
nistic studies of disease etiology and development of 
patient-specific stem cells as therapeutics. Although 
it may become possible to guide stem or progenitor 
cells into a cardiac lineage based on our knowledge of 
early developmental pathways, many hurdles must be 
overcome for therapeutic use. Issues such as stem cell 
expansion, delivery, incorporation, electrical coupling, 
and safety remain to be addressed. Despite these sig-
nificant challenges, there is reason for optimism as we 
continue to unravel the mysteries surrounding the line-
age determination, differentiation, and morphogenesis 
of cardiac cells.
ACkNowLeDgMeNtS
I am grateful to K. Cordes for preparation of graphics and B. Taylor 
for assistance in preparation of the manuscript; S. Ordway and G. 
Howard for editorial assistance; K. Ivey, K. Cordes, and other mem-
bers of my laboratory for discussion and review of the manuscript. 
Many important regulators of cardiogenesis have not been covered 
here but have been reviewed elsewhere. D.S. is supported by grants 
from the NHLBI/NIH, March of Dimes Birth Defects Foundation and is 
an Established Investigator of the American Heart Association.
ReFeReNCeS
Abu-Issa, R., Smyth, G., Smoak, I., Yamamura, K., and Meyers, E.N. 
(2002). Fgf8 is required for pharyngeal arch and cardiovascular devel-
opment in the mouse. Development 129, 4613–4625.Ambros, V. (2004). The functions of animal microRNAs. Nature 431, 
350–355.
Armstrong, E.J., and Bischoff, J. (2004). Heart valve development: En-
dothelial cell signaling and differentiation. Circ. Res. 95, 459–470.
Baldini, A. (2005). Dissecting contiguous gene defects: TBX1. Curr. 
Opin. Genet. Dev. 15, 279–284.
Bao, Z.Z., Bruneau, B.G., Seidman, J.G., Seidman, C.E., and Cepko, 
C.L. (1999). Regulation of chamber-specific gene expression in the 
developing heart by Irx4. Science 283, 1161–1164.
Biben, C., and Harvey, R.P. (1997). Homeodomain factor Nkx2-5 con-
trols left/right asymmetric expression of bHLH gene eHand during 
murine heart development. Genes Dev. 11, 1357–1369.
Biben, C., Weber, R., Kesteven, S., Stanley, E., McDonald, L., Elliott, 
D.A., Barnett, L., Koentgen, F., Robb, L., Feneley, M., and Harvey, R.P. 
(2000). Cardiac septal and valvular dysmorphogenesis in mice het-
erozygous for mutations in the homeobox gene Nkx2-5. Circ. Res. 
87, 888–895.
Bock-Marquette, I., Saxena, A., White, M.D., Dimaio, J.M., and Sriv-
astava, D. (2004). Thymosin beta4 activates integrin-linked kinase and 
promotes cardiac cell migration, survival and cardiac repair. Nature 
432, 466–472.
Bodmer, R. (1993). The gene tinman is required for specification of 
the heart and visceral muscles in Drosophila. Development 118, 719–
729.
Bruneau, B.G., Nemer, G., Schmitt, J.P., Charron, F., Robitaille, L., 
Caron, S., Conner, D.A., Gessler, M., Nemer, M., Seidman, C.E., and 
Seidman, J.G. (2001). A murine model of Holt-Oram syndrome defines 
roles of the T-box transcription factor Tbx5 in cardiogenesis and dis-
ease. Cell 106, 709–721.
Buckingham, M., Meilhac, S., and Zaffran, S. (2005). Building the 
mammalian heart from two sources of myocardial cells. Nat. Rev. 
Genet. 6, 826–835.
Cai, C.L., Liang, X., Shi, Y., Chu, P.H., Pfaff, S.L., Chen, J., and Evans, 
S. (2003). Isl1 identifies a cardiac progenitor population that prolifer-
ates prior to differentiation and contributes a majority of cells to the 
heart. Dev. Cell 5, 877–889.
Cai, C.L., Zhou, W., Yang, L., Bu, L., Qyang, Y., Zhang, X., Li, X., 
Rosenfeld, M.G., Chen, J., and Evans, S. (2005). T-box genes coor-
dinate regional rates of proliferation and regional specification during 
cardiogenesis. Development 132, 2475–2487.
Chang, C.P., Neilson, J.R., Bayle, J.H., Gestwicki, J.E., Kuo, A., 
Stankunas, K., Graef, I.A., and Crabtree, G.R. (2004a). A field of myo-
cardial-endocardial NFAT signaling underlies heart valve morphogen-
esis. Cell 118, 649–663.
Chang, S., McKinsey, T.A., Zhang, C.L., Richardson, J.A., Hill, J.A., 
and Olson, E.N. (2004b). Histone deacetylases 5 and 9 govern re-
sponsiveness of the heart to a subset of stress signals and play re-
dundant roles in heart development. Mol. Cell. Biol. 24, 8467–8476.
Chen, B., Bronson, R.T., Klaman, L.D., Hampton, T.G., Wang, J.F., 
Green, P.J., Magnuson, T., Douglas, P.S., Morgan, J.P., and Neel, B.G. 
(2000). Mice mutant for Egfr and Shp2 have defective cardiac semilu-
nar valvulogenesis. Nat. Genet. 24, 296–299.
Chen, F., Kook, H., Milewski, R., Gitler, A.D., Lu, M.M., Li, J., Naz-
arian, R., Schnepp, R., Jen, K., Biben, C., et al. (2002). Hop is an 
unusual homeobox gene that modulates cardiac development. Cell 
110, 713–723.
Chen, J.F., Mandel, E.M., Thomson, J.M., Wu, Q., Callis, T.E., Ham-
mond, S.M., Conlon, F.L., and Wang, D.Z. (2006). The role of microR-
NA-1 and microRNA-133 in skeletal muscle proliferation and differen-
tiation. Nat. Genet. 38, 228–233.
Ching, Y.H., Ghosh, T.K., Cross, S.J., Packham, E.A., Honeyman, L., 
Loughna, S., Robinson, T.E., Dearlove, A.M., Ribas, G., Bonser, A.J., 
et al. (2005). Mutation in myosin heavy chain 6 causes atrial septal 
defect. Nat. Genet. 37, 423–428.
Christoffels, V.M., Burch, J.B., and Moorman, A.F. (2004). Architectural 
plan for the heart: Early patterning and delineation of the chambers 
and the nodes. Trends Cardiovasc. Med. 14, 301–307.
Costantini, D.L., Arruda, E.P., Agarwal, P., Kim, K.-H., Zhu, Y., Lebel, 
M., Cheng, C.W., Park, C.Y., Pierce, S., Guerchicoff, A., et al. (2005). 
The homeodomain transcription factor Irx5 establishes the mouse 
cardiac ventricular repolarization gradient. Cell 123, 347–358.
Cripe, L., Andelfinger, G., Martin, L.J., Shooner, K., and Benson, D.W. 
(2004). Bicuspid aortic valve is heritable. J. Am. Coll. Cardiol. 44, 
138–143.
de la Pompa, J.L., Timmerman, L.A., Takimoto, H., Yoshida, H., Elia, 
A.J., Samper, E., Potter, J., Wakeham, A., Marengere, L., Langille, B.L., 
et al. (1998). Role of the NF-ATc transcription factor in morphogenesis 
of cardiac valves and septum. Nature 392, 182–186.
Dodou, E., Verzi, M.P., Anderson, J.P., Xu, S.M., and Black, B.L. (2004). 
Mef2c is a direct transcriptional target of ISL1 and GATA factors in the 
anterior heart field during mouse embryonic development. Develop-
ment 131, 3931–3942.
Ducy, P., Zhang, R., Geoffroy, V., Ridall, A.L., and Karsenty, G. (1997). 
Osf2/Cbfa1: A transcriptional activator of osteoblast differentiation. 
Cell 89, 747–754.
Epstein, J.A., and Parmacek, M.S. (2005). Recent advances in cardiac 
development with therapeutic implications for adult cardiovascular 
disease. Circulation 112, 592–597.
Firulli, A.B., and Olson, E.N. (1997). Modular regulation of muscle 
gene transcription: A mechanism for muscle cell diversity. Trends 
Genet. 13, 364–369.
Franco, D., and Campione, M. (2003). The role of Pitx2 during cardiac 
development. Linking left-right signaling and congenital heart diseas-
es. Trends Cardiovasc. Med. 13, 157–163.
Frank, D.U., Fotheringham, L.K., Brewer, J.A., Muglia, L.J., Tristani-
Firouzi, M., Capecchi, M.R., and Moon, A.M. (2002). An Fgf8 mouse 
mutant phenocopies human 22q11 deletion syndrome. Development 
129, 4591–4603.
Galvin, K.M., Donovan, M.J., Lynch, C.A., Meyer, R.I., Paul, R.J., 
Lorenz, J.N., Fairchild-Huntress, V., Dixon, K.L., Dunmore, J.H., 
Gimbrone, M.A., Jr., et al. (2000). A role for smad6 in development 
and homeostasis of the cardiovascular system. Nat. Genet. 24, 
171–174.
Garg, V., Yamagishi, C., Hu, T., Kathiriya, I.S., Yamagishi, H., and 
Srivastava, D. (2001). Tbx1, a DiGeorge syndrome candidate gene, 
is regulated by sonic hedgehog during pharyngeal arch development. 
Dev. Biol. 235, 62–73.
Garg, V., Kathiriya, I.S., Barnes, R., Schluterman, M.K., King, I.N., But-
ler, C.A., Rothrock, C.R., Eapen, R.S., Hirayama-Yamada, K., Joo, K., 
et al. (2003). GATA4 mutations cause human congenital heart defects 
and reveal an interaction with TBX5. Nature 424, 443–447.
Garg, V., Muth, A.N., Ransom, J.F., Schluterman, M.K., Barnes, R., 
King, I.N., Grossfeld, P.D., and Srivastava, D. (2005). Mutations in 
NOTCH1 cause aortic valve disease. Nature 437, 270–274.
Gnecchi, M., He, H., Noiseux, N., Liang, O.D., Zhang, L., Morello, F., 
Mu, H., Melo, L.G., Pratt, R.E., Ingwall, J.S., and Dzau, V.J. (2006). Evi-
dence supporting paracrine hypothesis for Akt-modified mesenchy-
mal stem cell-mediated cardiac protection and functional improve-
ment. FASEB J. 20, 661–669.
Gottlieb, P.D., Pierce, S.A., Sims, R.J., Yamagishi, H., Weihe, E.K., 
Harriss, J.V., Maika, S.D., Kuziel, W.A., King, H.L., Olson, E.N., et al. 
(2002). Bop encodes a muscle-restricted protein containing MYND 
and SET domains and is essential for cardiac differentiation and mor-
phogenesis. Nat. Genet. 31, 25–32.1046 Cell 126, September 22, 2006 ©2006 Elsevier Inc.Grant, D.S., Rose, W., Yaen, C., Goldstein, A., Martinez, J., and Klein-
man, H. (1999). Thymosin beta4 enhances endothelial cell differentia-
tion and angiogenesis. Angiogenesis 3, 125–135.
Han, Z., Yi, P., Li, X., and Olson, E.N. (2006). Hand, an evolutionarily 
conserved bHLH transcription factor required for Drosophila cardio-
genesis and hematopoiesis. Development 133, 1175–1182.
Harrelson, Z., Kelly, R.G., Goldin, S.N., Gibson-Brown, J.J., Bollag, 
R.J., Silver, L.M., and Papaioannou, V.E. (2004). Tbx2 is essential for 
patterning the atrioventricular canal and for morphogenesis of the out-
flow tract during heart development. Development 131, 5041–5052.
He, L., and Hannon, G.J. (2004). MicroRNAs: Small RNAs with a big 
role in gene regulation. Nat. Rev. Genet. 5, 522–531.
Hiroi, Y., Kudoh, S., Monzen, K., Ikeda, Y., Yazaki, Y., Nagai, R., and 
Komuro, I. (2001). Tbx5 associates with Nkx2-5 and synergistically 
promotes cardiomyocyte differentiation. Nat. Genet. 28, 276–280.
Hoffman, J.I., and Kaplan, S. (2002). The incidence of congenital heart 
disease. J. Am. Coll. Cardiol. 39, 1890–1900.
Hu, T., Yamagishi, H., Maeda, J., McAnally, J., Yamagishi, C., and 
Srivastava, D. (2004). Tbx1 regulates fibroblast growth factors in the 
anterior heart field through a reinforcing autoregulatory loop involving 
forkhead transcription factors. Development 131, 5491–5502.
Hutson, M.R., and Kirby, M.L. (2003). Neural crest and cardiovascular 
development: A 20-year perspective. Birth Defects Res. C Embryo 
Today 69, 2–13.
Jay, P.Y., Harris, B.S., Maguire, C.T., Buerger, A., Wakimoto, H., Tana-
ka, M., Kupershmidt, S., Roden, D.M., Schultheiss, T.M., O’Brien, T.X., 
et al. (2004). Nkx2-5 mutation causes anatomic hypoplasia of the car-
diac conduction system. J. Clin. Invest. 113, 1130–1137.
Kioussi, C., Briata, P., Baek, S.H., Rose, D.W., Hamblet, N.S., Herman, 
T., Ohgi, K.A., Lin, C., Gleiberman, A., Wang, J., et al. (2002). Identi-
fication of a Wnt/Dvl/beta-Catenin → Pitx2 pathway mediating cell-
type-specific proliferation during development. Cell 111, 673–685.
Kokubo, H., Miyagawa-Tomita, S., and Johnson, R.L. (2005). Hesr, a 
mediator of the Notch signaling, functions in heart and vessel devel-
opment. Trends Cardiovasc. Med. 15, 190–194.
Krantz, I.D., Piccoli, D.A., and Spinner, N.B. (1999). Clinical and molec-
ular genetics of Alagille syndrome. Curr. Opin. Pediatr. 11, 558–564.
Kume, T., Jiang, H., Topczewska, J.M., and Hogan, B.L. (2001). The 
murine winged helix transcription factors, Foxc1 and Foxc2, are both 
required for cardiovascular development and somitogenesis. Genes 
Dev. 15, 2470–2482.
Kusano, K.F., Pola, R., Murayama, T., Curry, C., Kawamoto, A., Iwaku-
ra, A., Shintani, S., Ii, M., Asai, J., Tkebuchava, T., et al. (2005). Sonic 
hedgehog myocardial gene therapy: Tissue repair through transient 
reconstitution of embryonic signaling. Nat. Med. 11, 1197–1204.
Kwon, C., Han, Z., Olson, E.N., and Srivastava, D. (2005). MicroRNA1 
influences cardiac differentiation in Drosophila and regulates Notch 
signaling. Proc. Natl. Acad. Sci. USA 102, 18986–18991.
Laugwitz, K.L., Moretti, A., Lam, J., Gruber, P., Chen, Y., Woodard, S., 
Lin, L.Z., Cai, C.L., Lu, M.M., Reth, M., et al. (2005). Postnatal isl1+ 
cardioblasts enter fully differentiated cardiomyocyte lineages. Nature 
433, 647–653.
Le Douarin, N.M., Creuzet, S., Couly, G., and Dupin, E. (2004). Neural 
crest cell plasticity and its limits. Development 131, 4637–4650.
Leaman, D., Chen, P.Y., Fak, J., Yalcin, A., Pearce, M., Unnerstall, U., 
Marks, D.S., Sander, C., Tuschl, T., and Gaul, U. (2005). Antisense-
mediated depletion reveals essential and specific functions of mi-
croRNAs in Drosophila development. Cell 121, 1097–1108.
Leri, A., Kajstura, J., and Anversa, P. (2005). Cardiac stem cells and 
mechanisms of myocardial regeneration. Physiol. Rev. 85, 1373–
1416.
Lickert, H., Takeuchi, J.K., Von Both, I., Walls, J.R., McAuliffe, F., Ad-
amson, S.L., Henkelman, R.M., Wrana, J.L., Rossant, J., and Bruneau, 
B.G. (2004). Baf60c is essential for function of BAF chromatin remod-
elling complexes in heart development. Nature 432, 107–112.
Lin, Q., Srivastava, D., and Olson, E.N. (1997). A transcriptional path-
way for cardiac development. Cold Spring Harb. Symp. Quant. Biol. 
62, 405–411.
Lyons, I., Parsons, L.M., Hartley, L., Li, R., Andrews, J.E., Robb, L., 
and Harvey, R.P. (1995). Myogenic and morphogenetic defects in the 
heart tubes of murine embryos lacking the homeo box gene Nkx2-5. 
Genes Dev. 9, 1654–1666.
Ma, L., Lu, M.F., Schwartz, R.J., and Martin, J.F. (2005). Bmp2 is es-
sential for cardiac cushion epithelial-mesenchymal transition and 
myocardial patterning. Development 132, 5601–5611.
Mangi, A.A., Noiseux, N., Kong, D., He, H., Rezvani, M., Ingwall, J.S., 
and Dzau, V.J. (2003). Mesenchymal stem cells modified with Akt 
prevent remodeling and restore performance of infarcted hearts. Nat. 
Med. 9, 1195–1201.
McFadden, D.G., Barbosa, A.C., Richardson, J.A., Schneider, M.D., 
Srivastava, D., and Olson, E.N. (2005). The Hand1 and Hand2 tran-
scription factors regulate expansion of the embryonic cardiac ven-
tricles in a gene dosage-dependent manner. Development 132, 
189–201.
Meilhac, S.M., Esner, M., Kelly, R.G., Nicolas, J.F., and Buckingham, 
M.E. (2004). The clonal origin of myocardial cells in different regions of 
the embryonic mouse heart. Dev. Cell 6, 685–698.
Mikawa, T., Gourdie, R.G., Takebayashi-Suzuki, K., Kanzawa, N., Hyer, 
J., Pennisi, D.J., Poma, C.P., Shulimovich, M., Diaz, K.G., Layliev, J., 
and Prasad, A. (2003). Induction and patterning of the Purkinje fibre 
network. Novartis Found. Symp. 250, 142–153; discussion 153–160, 
276–279. 
Mitchell, L.E., Adzick, N.S., Melchionne, J., Pasquariello, P.S., Sut-
ton, L.N., and Whitehead, A.S. (2004). Spina bifida. Lancet 364, 
1885–1895.
Mori, A.D., and Bruneau, B.G. (2004). TBX5 mutations and congenital 
heart disease: Holt-Oram syndrome revealed. Curr. Opin. Cardiol. 19, 
211–215.
Nakagawa, O., Nakagawa, M., Richardson, J.A., Olson, E.N., and 
Srivastava, D. (1999). HRT1, HRT2, and HRT3: A new subclass of 
bHLH transcription factors marking specific cardiac, somitic, and 
pharyngeal arch segments. Dev. Biol. 216, 72–84.
Nowotschin, S., Liao, J., Gage, P.J., Epstein, J.A., Campione, M., and 
Morrow, B.E. (2006). Tbx1 affects asymmetric cardiac morphogenesis 
by regulating Pitx2 in the secondary heart field. Development 133, 
1565–1573.
Olson, E.N. (2004). A decade of discoveries in cardiac biology. Nat. 
Med. 10, 467–474.
Palmer, A.R. (2004). Symmetry breaking and the evolution of develop-
ment. Science 306, 828–833.
Parmacek, M.S., and Epstein, J.A. (2005). Pursuing cardiac progeni-
tors: Regeneration redux. Cell 120, 295–298.
Pashmforoush, M., Lu, J.T., Chen, H., Amand, T.S., Kondo, R., Prader-
vand, S., Evans, S.M., Clark, B., Feramisco, J.R., Giles, W., et al. 
(2004). Nkx2-5 pathways and congenital heart disease; loss of ven-
tricular myocyte lineage specification leads to progressive cardiomy-
opathy and complete heart block. Cell 117, 373–386.
Pereira, F.A., Qiu, Y., Zhou, G., Tsai, M.J., and Tsai, S.Y. (1999). The 
orphan nuclear receptor COUP-TFII is required for angiogenesis and 
heart development. Genes Dev. 13, 1037–1049.
Phan, D., Rasmussen, T.L., Nakagawa, O., McAnally, J., Gottlieb, 
P.D., Tucker, P.W., Richardson, J.A., Bassel-Duby, R., and Olson, E.N. (2005). BOP, a regulator of right ventricular heart development, is a 
direct transcriptional target of MEF2C in the developing heart. Devel-
opment 132, 2669–2678.
Rajamannan, N.M., Gersh, B., and Bonow, R.O. (2003). Calcific aortic 
stenosis: From bench to the bedside–emerging clinical and cellular 
concepts. Heart 89, 801–805.
Ranger, A.M., Grusby, M.J., Hodge, M.R., Gravallese, E.M., de la 
Brousse, F.C., Hoey, T., Mickanin, C., Baldwin, H.S., and Glimcher, 
L.H. (1998). The transcription factor NF-ATc is essential for cardiac 
valve formation. Nature 392, 186–190.
Satoda, M., Zhao, F., Diaz, G.A., Burn, J., Goodship, J., Davidson, 
H.R., Pierpont, M.E., and Gelb, B.D. (2000). Mutations in TFAP2B 
cause Char syndrome, a familial form of patent ductus arteriosus. Nat. 
Genet. 25, 42–46.
Schott, J.J., Benson, D.W., Basson, C.T., Pease, W., Silberbach, G.M., 
Moak, J.P., Maron, B.J., Seidman, C.E., and Seidman, J.G. (1998). 
Congenital heart disease caused by mutations in the transcription fac-
tor NKX2-5. Science 281, 108–111.
Shin, C.H., Liu, Z.P., Passier, R., Zhang, C.L., Wang, D.Z., Harris, T.M., 
Yamagishi, H., Richardson, J.A., Childs, G., and Olson, E.N. (2002). 
Modulation of cardiac growth and development by HOP, an unusual 
homeodomain protein. Cell 110, 725–735.
Singh, M.K., Christoffels, V.M., Dias, J.M., Trowe, M.O., Petry, M., 
Schuster-Gossler, K., Burger, A., Ericson, J., and Kispert, A. (2005). 
Tbx20 is essential for cardiac chamber differentiation and repression 
of Tbx2. Development 132, 2697–2707.
Sokol, N.S., and Ambros, V. (2005). Mesodermally expressed Dro-
sophila microRNA-1 is regulated by Twist and is required in muscles 
during larval growth. Genes Dev. 19, 2343–2354.
Srivastava, D. (2004). Heart disease: An ongoing genetic battle? Na-
ture 429, 819–822.
Srivastava, D., and Olson, E.N. (2000). A genetic blueprint for cardiac 
development. Nature 407, 221–226.
Srivastava, D., and Ivey, K.N. (2006). Potential of stem cell-based 
therapies for heart disease. Nature 441, 1097–1099.
Srivastava, D., Cserjesi, P., and Olson, E.N. (1995). A subclass of 
bHLH proteins required for cardiac morphogenesis. Science 270, 
1995–1999.
Srivastava, D., Thomas, T., Lin, Q., Kirby, M.L., Brown, D., and Ol-
son, E.N. (1997). Regulation of cardiac mesodermal and neural crest 
development by the bHLH transcription factor, dHAND. Nat. Genet. 
16, 154–160.
Steitz, S.A., Speer, M.Y., Curinga, G., Yang, H.Y., Haynes, P., Aeber-
sold, R., Schinke, T., Karsenty, G., and Giachelli, C.M. (2001). Smooth 
muscle cell phenotypic transition associated with calcification: up-
regulation of Cbfa1 and downregulation of smooth muscle lineage 
markers. Circ. Res. 89, 1147–1154.
Stennard, F.A., Costa, M.W., Lai, D., Biben, C., Furtado, M.B., Sollo-
way, M.J., McCulley, D.J., Leimena, C., Preis, J.I., Dunwoodie, S.L., et 
al. (2005). Murine T-box transcription factor Tbx20 acts as a repressor 
during heart development, and is essential for adult heart integrity, 
function and adaptation. Development 132, 2451–2462.
Stoller, J.Z., and Epstein, J.A. (2005). Cardiac neural crest. Semin. Cell 
Dev. Biol. 16, 704–715.
Takeuchi, J.K., Mileikovskaia, M., Koshiba-Takeuchi, K., Heidt, A.B., 
Mori, A.D., Arruda, E.P., Gertsenstein, M., Georges, R., Davidson, L., 
Mo, R., et al. (2005). Tbx20 dose-dependently regulates transcription 
factor networks required for mouse heart and motoneuron develop-
ment. Development 132, 2463–2474.
Tanaka, M., Chen, Z., Bartunkova, S., Yamasaki, N., and Izumo, S. 
(1999). The cardiac homeobox gene Csx/Nkx2.5 lies genetically up-Cell 126, September 22, 2006 ©2006 Elsevier Inc. 1047
stream of multiple genes essential for heart development. Develop-
ment 126, 1269–1280.
Tartaglia, M., Mehler, E.L., Goldberg, R., Zampino, G., Brunner, 
H.G., Kremer, H., van der Burgt, I., Crosby, A.H., Ion, A., Jeffery, 
S., et al. (2001). Mutations in PTPN11, encoding the protein tyro-
sine phosphatase SHP-2, cause Noonan syndrome. Nat. Genet. 
29, 465–468.
Thom, T., Haase, N., Rosamond, W., Howard, V.J., Rumsfeld, J., 
Manolio, T., Zheng, Z.J., Flegal, K., O’Donnell, C., Kittner, S., et al. 
(2006). Heart disease and stroke statistics–2006 update: A report from 
the American Heart Association Statistics Committee and Stroke Sta-
tistics Subcommittee. Circulation 113, e85–e151.
Thomas, T., Kurihara, H., Yamagishi, H., Kurihara, Y., Yazaki, Y., Olson, 
E.N., and Srivastava, D. (1998). A signaling cascade involving endo-
thelin-1, dHAND and msx1 regulates development of neural-crest-de-
rived branchial arch mesenchyme. Development 125, 3005–3014.
Timmerman, L.A., Grego-Bessa, J., Raya, A., Bertran, E., Perez-
Pomares, J.M., Diez, J., Aranda, S., Palomo, S., McCormick, F., Iz-
pisua-Belmonte, J.C., and de la Pompa, J.L. (2004). Notch promotes 
epithelial-mesenchymal transition during cardiac development and 
oncogenic transformation. Genes Dev. 18, 99–115.
Uhlen, P., Burch, P.M., Zito, C.I., Estrada, M., Ehrlich, B.E., and Ben-
nett, A.M. (2006). Gain-of-function/Noonan syndrome SHP-2/Ptpn11 
mutants enhance calcium oscillations and impair NFAT signaling. 
Proc. Natl. Acad. Sci. USA 103, 2160–2165.
von Both, I., Silvestri, C., Erdemir, T., Lickert, H., Walls, J.R., Henkel-
man, R.M., Rossant, J., Harvey, R.P., Attisano, L., and Wrana, J.L. 
(2004). Foxh1 is essential for development of the anterior heart field. 
Dev. Cell 7, 331–345.1048 Cell 126, September 22, 2006 ©2006 Elsevier Inc.Wang, D., Chang, P.S., Wang, Z., Sutherland, L., Richardson, J.A., 
Small, E., Krieg, P.A., and Olson, E.N. (2001). Activation of cardiac 
gene expression by myocardin, a transcriptional cofactor for serum 
response factor. Cell 105, 851–862.
Xu, H., Morishima, M., Wylie, J.N., Schwartz, R.J., Bruneau, B.G., Lind-
say, E.A., and Baldini, A. (2004). Tbx1 has a dual role in the morpho-
genesis of the cardiac outflow tract. Development 131, 3217–3227.
Yamagishi, H., Yamagishi, C., Nakagawa, O., Harvey, R.P., Olson, 
E.N., and Srivastava, D. (2001). The combinatorial activities of Nkx2.5 
and dHAND are essential for cardiac ventricle formation. Dev. Biol. 
239, 190–203.
Yamagishi, H., Maeda, J., Hu, T., McAnally, J., Conway, S.J., Kume, T., 
Meyers, E.N., Yamagishi, C., and Srivastava, D. (2003). Tbx1 is regu-
lated by tissue-specific forkhead proteins through a common Sonic 
hedgehog-responsive enhancer. Genes Dev. 17, 269–281.
Yelon, D., Ticho, B., Halpern, M.E., Ruvinsky, I., Ho, R.K., Silver, L.M., 
and Stainier, D.Y. (2000). The bHLH transcription factor hand2 plays 
parallel roles in zebrafish heart and pectoral fin development. Devel-
opment 127, 2573–2582.
Zaffran, S., and Frasch, M. (2002). Early signals in cardiac develop-
ment. Circ. Res. 91, 457–469.
Zeisberg, E.M., Ma, Q., Juraszek, A.L., Moses, K., Schwartz, R.J., 
Izumo, S., and Pu, W.T. (2005). Morphogenesis of the right ventricle 
requires myocardial expression of Gata4. J. Clin. Invest. 115, 1522–
1531.
Zhao, Y., Samal, E., and Srivastava, D. (2005). Serum response fac-
tor regulates a muscle-specific mircroRNA that targets Hand2 during 
cardiogenesis. Nature 436, 214–220.
